The investigation reported in this paper was centered on the application of the Acoustic Emissions (AE) technology for characterising the defect sizes on a radially loaded bearing. An experimental test-rig was designed such that defects of varying sizes could be seeded onto the outer and inner races of a test bearing. The aim of this investigation was to correlate defect size with specific AE parameters and to ascertain the relationship between the duration of AE transient bursts associated with seeded defects to the actual geometric size of the defect. In addition, the use of AE to detect inner race defects was explored particularly as this known to be fraught with difficulty. It is concluded that the geometric defect size of outer race defects can be determined from the AE waveform.
Introduction
Acoustic emissions (AE) are defined as the range of phenomena that results in structure-borne propagating waves being generated by the rapid release of energy from localised sources within and/or, on the surface of a material. In this particular investigation, AE's are defined as the transient elastic waves generated by the interaction of two surfaces in relative motion. The interaction of surface asperities and impingement of the bearing rollers over a seeded defect will generate AE's. Due to the high frequency content of the AE signatures typical mechanical noise (less than 20 kHz) is eliminated. A comprehensive review of the application of the AE technology for bearing monitoring was presented by Mba et al [1] where it was shown that the AE technology offered earlier fault identification than vibration analysis, particularly for outer race defects; this was not mirrored for inner race defect identification.
Shiroishi et al [2] noted difficulties in identifying inner race defects with AE stating that emissions from inner race defects were not of sufficient strength/energy to be detectable above the operational background noise. Shiroishi postulated reasons for this stating that AE signals generated by an inner race defect had to travel further and through more interfaces than those for any other type of defect (e.g., the outer race).
Also, it was commented that the signal strength may diminish if the transmission path for the AE wave was not direct to the sensor; implying that the transmission path will be influenced by the position of the defect, the roller, and the sensor. This observation was also recently presented by Tan [3] et al where the viability of the AE technology for gear defect detection by making observations from non-rotating components (bearing casings) of a machine was called into question. Several other authors have shown the advantages of applying AE to monitoring of rolling element bearings [4 -17] .
The aim of this paper is to ascertain the applicability of AE for detecting the presence of inner and outer race defects, particularly as the former has been reported to be fraught with difficulty. Furthermore, the paper builds on the investigation of AlGhamdi [18, 19] by exploring further the relationship between time-domain AE waveform characteristics with seeded defect geometric dimensions of the inner and outer race.
Experimental apparatus and data acquisition
The test bearing was fitted on a rig which consisted of a shaft that was driven by a motor. The shaft was supported by two large slave bearings, see figure 1 . The test bearing was a split Cooper cylindrical roller type 01B40MEX, with a bore diameter of 40 mm, external diameter of 84mm, pitch circle diameter of 68mm, roller diameter of 12mm, and 10 rollers in total. This bearing was selected due to its split design which would facilitate the assembling and disassembling of the bearing on the shaft after each test.
The AE acquisition system consisted of a piezoelectric type sensor (Physical Acoustic Corporation type WD) fitted onto the top half of the bearing housing. The transducer had an operating frequency of 100 to 1000 kHz. The signal from the transducer was amplified at 40dB and sampled at 8MHz for outer race experiments, and, 4 MHz and 8MHz for the inner race experiments at 1500rpm and 3000rpm respectively.
Figure 1
Layout of experimental test-rig
Experimental Procedure
Four split Cooper bearings were used for the experiment in order to seed a variety of defects on each bearing. The defects on the bearing elements were made by using an electric engraver with a carbide tip. In an attempt to understand how the defect size influenced AE waveform an incremental procedure for simulating increasing defect sizes was established. This involved starting a sequence on a bearing with a point defect (D1) and increasing the length along the circumferential direction to a maximum value for a fixed width across the race. Once this maximum length was achieved the width of the defect was then expanded. A breakdown on the incremental
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Test Bearing defect procedure is detailed in tables 1(a) to 1(d). In all tests the smallest defect seeded had a diameter of 0.5mm which was labelled 'D1'. The defect sizes were measured by its Length (mm) and Width (mm), where the length was measured circumferentially in the direction of the rollers and the width is defined as the distance across the bearing race. Figure 2 A sample of an inner race defect Experimental tests were performed by first making the defects in the appropriate size and geometrical shape, see figure 2, on the bearing element after which the bearing was installed and positioned such that the defect was at the top-dead-centre where the load was applied. After installing the bearing, the test rig was run at the first speed of 1500 rpm for at least fifteen minutes to bring it up to thermal equilibrium. Next, forces of 2.7, 5.3, and 8kN were applied in sequence and AE data was acquired for each load condition. The rig was shutdown and the motor changed to provide a speed of 3000rpm. The procedure for loading and AE data acquisition was repeated again.
The bearing was then dismantled and the next incremental defect was seeded onto the bearing element. The test sequence described above was again undertaken. A total of 162 tests were performed for this investigation.
Analysis
For each test performed (162 in total), 42 AE data files were acquired. The averaged energy and maximum amplitude values for all 42 data files associated with each defect condition are presented as a function of speed, load and defect size.
Observations of Energy values for the outer race (Bearings 1 and 2)
The energy values were compared for increasing outer race defect sizes at varying speed and load conditions. As with the energy values, the maximum amplitude values showed a general increase with defect size at both rotational speeds (1500 and 3000rpm). However, it was noted that maximum amplitude values presented in figures 5 and 6 reached a maximum and then decreased, for instance, observations of bearing-1 in figure 6 showed amplitude values increased from D1 to D5. By further increasing the width of defect size incrementally (D6 to D9), it was noted that maximum amplitude values decreased.
This trend was also noted for bearing-1, where the procedure of increasing defect sizes was reverse to Bearing-2; indicating that this observation was independent of the direction in which the defect grew and rotational speed. 
Observations of burst duration for Outer and Inner race defects
This part of the experiment involved relating the duration of AE transient bursts with the size of defect. If the defects simulated were to produce AE transient bursts, as each rolling element passed the defect, it was envisaged that the AE bursts would be detected at a rate equivalent to the outer race and inner race defect frequencies (4.1-times and 5.8-times rotational speed respectively). This periodicity in AE transient was noted for both the outer and inner race defects; see figure 11 . At 3000rpm the number of revolutions captured over 32msec (time window for data acquisition, as shown in figure 11 ) was 1.6; implying that there should be approximately '6' and '9'
AE transient bursts associated with the outer and inner race defect frequencies in figure 11 . At the lower speed of 1500rpm, the data acquisition time window allowed for 0.8 and 1.6 revolutions of the shaft for the outer and inner race defect simulations respectively; implying approximately '4' and '9' AE transient bursts for each acquisition window. Appendix A highlights sample AE waveforms for varying speed, load and defect conditions. However, whilst the anticipated number of anticipated AE transients bursts associated with outer race defects was consistently captured in the data acquisition time window (see top plot in figure 11 ) the same did not always apply for the inner race defects. In the latter instance there was a variation in the measured number of AE transients. This is discussed in greater detail under section 7. 
Figure 12 Example procedures for determining the AE transient burst duration
It is important to note that defect D1 was a point defect, D2 to D5 had fixed length with increasing width and D6 to D9 had a fixed width with increasing length, as The observations of AE burst duration associated with the inner race highlighted variations from theoretical estimates of up to 80% (see tables 4 and 5) for defects with increasing length and in excess of 350% for defects with increasing width. However, it was noted that as the length of the inner race defect increased D18 to D19, and, D19
to D20, the percentage error between theoretical and experimentally measured durations increased significantly. This was not observed for outer race defects (D6 to D9) where errors remained, on average, at 22%. The reduced error for increasing lengths was also noted for the outer race defect. Also as noted for the outer race there was no influence of load on the AE burst duration, see figures 15 and 16. Whilst the results detailed on AE burst duration are specific to bearings -1 and -3, the same observations were noted for bearings -2 and -4. 
Observations of AE burst to noise ratio (D1-D9)
The ratio of maximum AE burst amplitude to the underlying operational noise levels was determined and correlated to the seeded defect width. Observations of the AE transient burst to noise ratio for outer race defects showed an increase with increasing defect width (D1 to D5), however, it was also noted that an increase in defect length, for a constant defect width (D6-D9), did not change the burst to noise ratio, see figures 19, 20 and table 6. For the inner race defects the trend in burst-to-noise ratio noted on the outer race was not replicated, see figures 21, 22 and table 7; the pattern noted for the inner was random. It was again noted that load had a relatively insignificant influence on this ratio for outer race defect conditions only.
Roller Defect Protrusion Table 6 AE burst-to-noise ratios for outer race defects 1500rpm 3000 rpm An increase in defect size resulted in an increase in levels of AE energy for outer and inner race seeded defects. This was also noted for AE maximum amplitude values for outer race defects, however, this was not the case for inner race defects. The reason is attributed to the variation in transmission path from the AE source (inner race) to the AE sensor on the bearing casing. This partly supports the findings of other researchers Evidence of cage slip due to the variation in time interval between successive AE bursts (Inner race defect, 3000 rpm)
An increase in the outer race defect length resulted in an increase in AE transient burst duration associated with the particular defect. An increase in the width of the outer race defect resulted in an increase in ratio between the maximum amplitude of the AE transient burst for the defect to the underlying operational noise levels. This observation was noted for bearings -1 and -2. Appendix A details a summary of some of the results and presents AE waveforms, giving the reader an appreciation of the changes of the AE waveform with defect size. A relationship between AE burst duration nor maximum amplitude to noise ratio for inner race defects was not established and this was attributed to the variation in transmission path with angular position of the shaft and bearing elements. For any future investigation it is advised that a trigger mechanism be employed to ensure that the acquired AE can be related to the inner race defect within the load zone, ensuring a much improved transmission path to the receiving AE sensor. However, this highlights a limitation in actual operational conditions where the position of inner race defects will be unknown.
In conclusion, the measurement of AE energy over a duration equivalent to just over one rotation of the shaft has been shown to offer an indication of increasing defect severity for outer and inner race defects. A correlation between the geometric size of outer race defects and the AE bursts associated with such defects has been shown however, this does not apply to inner race defects. The relationship between defect size and AE burst duration is a significant finding which in the longer term, and with further research, offers opportunities for prognosis.
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